Abstract. Spinel Li 4 Ti 5 O 12 material were prepared by ethanol-assisted hydrothermal method and sintered at different temperatures. It was found that all of the samples had cubic spinel structure without undesired impurities and the samples showed different morphology as the change of sintering temperature. The sample sintered 750℃delivered a higher discharge capacity than the 700 and 800℃ -sample at all the tested C rates. At 10C charge-discharge rate, the obtained discharge capacity of the Li 4 Ti 5 O 12 electrode sintered at 700 and 750℃ was about 45.7% and 63.7%, compared to that of a 0.1C rate, while the Li 4 Ti 5 O 12 electrode sintered at 800℃ showed capacity retention of only 28.7% at the same C rate, which could be attributed the higher lithium diffusion coefficient and the lower impedance due to the shortened diffusion distance of lithium ions because of the shortening acicular particle.
Introduction
Lithium ion batteries (LIBs) have become one of the most promising power sources for hybrid electric vehicles (HEVs) and even electric vehicles (EVs) due to the excellent safety features, high energy density and good design flexibility. Thus, the search for electrode materials with high power density, long cycle life, and good safety features has become a key issue over the past several years. Spinel Li 4 Ti 5 O 12 has recently become one of the most important anode materials for lithium-ion batteries, because of its superior capacity retention, thermal stability, nontoxicity, and safety feature [1] [2] [3] . However, its large-scale application was restricted by the low electronic conductivity. In order to improve the electronic conductivity, various ways were carried out [4] [5] [6] . Thereinto, particle size and morphology controlling were proved to be effective methods [7] [8] [9] . In this paper, we report an ethanol-assisted hydrothermal method to synthesize Li 4 Ti 5 O 12 and sintered at different temperatures. It was found that the acicular particle appeared at the sintering temperature of 700℃and 750℃. Thereinto, the sample sintered at 750 ℃ showed the best electrochemical performance.
Experimental work

Material synthesis
Tetrabutyl titanate (Ti(OC 4 H 9 ) 4 ) and lithium hydroxide monohydrate (LiOH·H 2 O) were used as starting materials, produced by shanghai aibi Chemistry preparation factory co ltd. In a typical synthesis, 17.02g tetrabutyl titanate was dispersed in 17mL ethyl alcohol forming pale yellow solution. After that, the 20.5mL of 2mol L-1 LiOH·H 2 O solution was dropwise added into it to form a white suspension with strong stirring for 15minutes and then transferred to a 100 mL stainless-steel autoclave, which was maintained at 180 ℃ for 12 h. The white precipitation at the bottom of the reactor was filtered, washed with ethyl alcohol thoroughly, and then dried in an oven at 80 ℃ for 6h. Finally, the as-prepared sample was calcined in a muffle by two-step calcinations (first step: 400 ℃ for 3h, second step: 700, 750, 800 ℃ for 10h) to form the Li 4 Ti 5 O 12 .
Materials characterization. Powder X-ray diffraction (XRD) was carried out using a Rigaku D/max-rB with Cu Kα1 radiation. The diffraction data were obtained at 2θ=10-80° with scanning rate of 0.01deg·s-1. The morphologies of the samples were characterized using a JEOL JSM-6390LV field emission scanning electron microscope (FESEM)
Electrode preparation and electrochemical characterization Electrochemical measurements were measured with CR2032 coin cells in which a lithium metal foil was used as the counter and reference electrode. Working electrode was prepared by a slurry coating procedure. The slurry consisted of 80 wt% active materials, 10 wt% acetylene black, 10 wt% polyvinylidene fluoride (PVDF) binder, and was uniformly coated onto a copper foil. Then the electrode was dried in vacuum at 120 for 10 h before ℃ battery assembling. A solution of 1 mol LiPF 6 dissolved in a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (V:V = 1:1) was used as the electrolyte, and the Celgard 2400 membrane was used as the separator. The coin cells were assembled in an argon-filled glove box, in which the concentration of water and oxygen was kept below 0.1 ppm. Room temperature galvanostatic charge/discharge tests were performed between 1.0 and 2.5 V at different current densities on a CT2001A cell test instrument (LANHE Electronic Co.). The AC impedance spectra of the samples were performed between 0.01Hz and 10000Hz on a Electrochemical workstation (CHI600E, Shanghai Chenhua Instrument Co.) [11] . Fig. 2 showed the plane-view SEM images of samples prepared at different sintering temperatures. After calcining at 700 , pure crystalline phase of acicular spinel ℃ Li 4 Ti 5 O 12 was obtained. As the temperature increasing to 750 , the acicular ℃ particle became shortening gradually. When the sintering temperature was 800 ℃, the acicular particle disappeared completely. The acicular structure could effectively shorten the Li-ion diffusion path, which was helpful for the electronic conductivity improvement. Moreover, the particle aggregation appeared as the sintering temperature increasing, which would influence the contact area between the active materials and the electrolyte. [12] .The first discharge capacity of the Li 4 Ti 5 O 12 electrode sintered at 750 ℃ was somewhat higher than that of the sample sintered at 700 and 800 . ℃ ℃ Fig.3(b) showed the rate performance of the Li 4 Ti 5 O 12 electrodes sintered at different temperatures. Clearly, the sample sintered 750℃delivered a higher discharge capacity than the 700 and 800℃-sample at all the tested C rates. At 10C charge-discharge rate, the obtained discharge capacity of the Li 4 Ti 5 O 12 electrode sintered at 700 and 750℃ was about 45.7% and 63.7%, compared to that of a 0.1C rate, while the Li 4 Ti 5 O 12 electrode sintered at 800℃ showed capacity retention of only 28.7% at the same C rate. Moreover, the capacity changed a little at 0.1C rate for all the samples after 50 cycling at different C rates, which indicated the stable structure for Li 4 Ti 5 O 12 anode materials. Compared to that of the sample sintered at 800 ℃,the better electrochemical performances for 700 and 750℃-sample could be attributed to the acicular structure and the less particle aggregation, which would influence the contact area between the active materials and the electrolyte and further decreasing the irreversible capacity loss caused by the concentration polarization when the current density was enhanced [13] . Fig. 4(a) showed the results of AC impedance spectra of the Li 4 Ti 5 O 12 electrodes. The impedance spectra were composed of one semicircle at higher frequencies followed by linear part at lower frequencies. AC impedance spectra are fitted by Z-View from Sai software set using an equivalent circuit (shown in the inset of Fig.4(a) ). In the equivalent circuit, Rs and Rct were the solution resistance and charge transfer resistance, respectively. CPE was placed to represent the double layer capacitance and passivation film capacitance. W is the Warburg impedance caused by a semi-infinite diffusion of Li + in the electrode. The parameters of the equivalent circuit were recorded in Table 1 . It could be found that the sample sintered at 750 ℃ had the lower resistance, which indicated the best electrochemical performance for the sample. The relationship between the real impedance and the low frequencies was illustrated in Fig. 4(b) . The relation was governed by Eq.(1). The diffusion coefficient of the lithium ions in the bulk electrode materials was calculated by Eq.(2) [14] .
Results and discussion
(1)
where σ: Warburg impedance coefficient, ω: angular frequency in the low frequency region, D: diffusion coefficient, R: the gas constant, T: the absolute temperature, F: Faraday's constant, A: the area of the electrode, and C: molar concentration of Li + ions. From Table 1 , it could be found that the sample sintered at 750 ℃ had larger Li + diffusion coefficient than others due to the shortened diffusion distance of lithium ions because of the shortening acicular particle, which confirmed that the appropriate sintering temperature was beneficial to the rate capability and reversible intercalation and de-intercalation of Li + .
Conclusion
Spinel Li 4 Ti 5 O 12 material were prepared by ethanol-assisted hydrothermal method and sintered at different temperatures. On the basis of the electrochemical properties at 10C, the capacity for samples sintered at 700 ℃, 750 ℃ and 800℃ was 89.4mAh/g, 141.4 mAh/g and 47.6mAh/g, respectively. The diffusion coefficient of the sample was 2.68×10 The impedance spectra and (b) the relationship between real impedance and low frequencies of the samples prepared at different sintering temperatures the higher lithium diffusion coefficient and the lower impedance due to the acicular particle shortening.
